1. Introduction
===============

1.1. SMBHs in galactic centers.
-------------------------------

Recent observations revealed that nearly all galaxies in the local universe contain supermassive black holes (SMBHs) in their centers.^[@r01])^ Their masses range from ∼10^5^ to ∼10^10^ times that of the Sun (*M*~ø*dot*~). Remarkably, there is a strong correlation between the mass of the SMBH and that of the galactic bulge (or its luminosity, or stellar velocity-dispersion) over a wide range of the mass.^[@r01]--[@r07])^ These facts indicate that the formation process of SMBHs and that of galaxies are strongly coupled to each other despite of the large difference in their physical sizes, ∼AU and ∼kpc; in other words, SMBHs and galaxies must have "co-evolved" in the past.

SMBHs are responsible for one of the most energetic phenomena in the universe, called Active Galactic Nuclei (AGNs). Quasi-Stellar Objects (QSOs), many are observed at the distant universe, are a sub-class of AGNs with particularly high luminosities. When matter falls onto a SMBH ("accretion"), it emits intense electromagnetic radiation over a wide range of wavelengths (from radio to gamma rays) by releasing its gravitational energy in the deep potential of the central SMBH. The bolometric luminosity *L* is related to the mass accretion rate .{*m*} as *L*=η.{*m*}*c*^2^, where η is the radiative efficiency and *c* is the light velocity. In radiatively efficient accretion through optically thick disks,^[@r08])^ η ∼ 0.1. AGN luminosities are huge, and can be as large as 10^15^ times that of the Sun. Also, AGNs often produce powerful outflow in forms of jets and disk winds. Thus, SMBHs are not merely "holes" that absorb everything as naively imagined. Through their strong radiation and kinetic power of outflow during AGN phase, SMBHs play key roles in regulating the star formation in galaxies and even affect their surroundings on a physical scale of galaxy clusters (∼Mpc).^[@r09])^

It is one of the most fundamental questions in modern astronomy how these SMBHs in galactic centers formed and co-evolved with their host galaxies in the history of the universe. As a SMBH accretes surrounding matter with a rest-frame mass of *m*, it gains its mass by ![](pjab-91-175-i001.jpg). Thus, AGNs are also the very process where the SMBHs "grow" by mass accretion. Hence, in order to understand the growth history of SMBH, we need to reveal the cosmological evolution of AGNs, *i.e.*, "shining and growing" SMBHs.

X-ray emission from an AGN is produced via Comptonization of seed photons by hot corona with a temperature of ∼100 keV located in an innermost region of the accretion disk. The SMBH and accretion disk are surrounded by a larger (≳0.1 pc) structure consisting of gas and dust called a "torus". The torus is often assumed to have a donut-like shape, although its detailed geometry, physical conditions, and origins are not fully understood yet. Inside the torus hole, there are clouds that emit broad emission lines with velocities of ≳1000 km s^−1^, called the broad line region. The narrow line region, which is responsible for producing emission lines with velocity widths of ≲1000 km s^−1^, is located above and below the torus hole.

According to the unified scheme of AGNs,^[@r10])^ the viewing angle with respect to the torus determines the observed characteristics of an AGN. The torus causes significant extinction to optical to ultraviolet lights emitted from the accretion disk and broad line region, and also photoelectric absorption of the X-ray continuum. When the line-of-sight toward the SMBH is unblocked by the torus (face-on view), one can observe the broad line region and unabsorbed X-ray continuum. This is called a "type-1" (or unobscured) AGN. When the torus blocks the line-of-sight (edge-on view), the broad lines cannot be observed in the optical spectra due to dust extinction and the X-ray spectrum is absorbed and becomes "hard" (*i.e.*, flux at higher energies relative to that at low energies increases), as was demonstrated by Awaki *et al.* (1991)^[@r11])^ using the third Japanese X-ray satellite *Ginga*. Then, the object is classified as a "type-2" (or obscured) AGN. The basic idea of the unified scheme seems to successfully apply to most of local AGNs.

Many observations indicate that a major population of AGNs are obscured AGNs. Generally, obscured AGNs are more difficult to detect than unobscured ones because of dust extinction by the torus and/or the host galaxy. Among various AGN surveys in different wavelengths, X-ray observations, particularly those in "hard" X-rays above 2 keV, provide one of the most efficient and complete way to detect AGNs. The primary reason is their strong penetrating power against absorption. Figure [1](#fig01){ref-type="fig"} displays typical X-ray spectra of AGNs with various column densities of absorption. It is seen that as the column density increases, the flux at lower energies becomes more suppressed by photoelectric absorption, while the hard X-ray flux is less affected. In this paper, we call AGNs whose absorptions are smaller and larger than log *N*~H~ = 24 (corresponding to an opacity for Compton scattering of ∼1) as "Compton-thin AGNs" and "Compton-thick AGNs", respectively. Another great advantage of using hard X-rays is much less contamination from stars in the host galaxy compared with other wavelengths, making it possible to construct a *clean* AGN sample even at low luminosities.

1.2. The X-ray background (XRB).
--------------------------------

Strong X-ray radiation is observed from all directions of the sky, known as the "X-ray background" (XRB) or the cosmic X-ray background (CXB). The XRB was discovered by Giacconi *et al.* (1962) with the famous rocket experiment when X-ray astronomy began.^[@r13])^ Since then, to reveal the origin of the XRB, the oldest known cosmic background radiation in modern astronomy, has always been a prime theme of X-ray astronomy.

The XRB above a few keV is quite isotropic except for regions close to the Galactic plane, indicating that it has extragalactic origins. Its intensity is huge, amounting to 10 times larger than the integrated flux of all Galactic X-ray sources. The spectrum of the XRB has an intensity peak in ν*F*~ν~ around 20--30 keV. Although the spectral shape can be approximated by thermal Bremsstrahlung emission with a temperature of ∼40 keV,^[@r14])^ the presence of such a hot plasma filling the universe was later ruled out by the precise measurement of the Cosmic Microwave Background spectrum with the *COBE* experiment,^[@r15])^ which shows little distortion from blackbody radiation.

As we describe below, it is now established that the superposition of X-ray emission from the whole AGNs in the universe is observed as the XRB. Therefore, understanding the origin of the XRB is equivalent to revealing the cosmological evolution of AGNs that constitute the XRB. As the sensitivity of X-ray observatories increases, the fraction of the XRB resolved into discrete sources increases. To observe the X-ray sky with higher sensitivities in higher energy bands has been the advancement history of X-ray astronomy, including Japanese missions such as *Ginga*, *ASCA*, *Suzaku*, and *ASTRO-H*. Figure [2](#fig02){ref-type="fig"} plots the source number counts in the 2--10 keV band (log *N*-log *S* relation) complied from various surveys.

2. X-ray surveys of AGNs
========================

To reveal the cosmological evolution of AGNs over wide redshift and luminosity ranges, it is necessary to perform a combination of unbiased X-ray surveys at different depths (sensitivity) and widths (area). To determine the redshift and type of each detected AGN, multi-wavelength follow-up observations, particularly optical spectroscopic ones, are required. In this section, we review the results of major X-ray surveys of AGNs at different sensitivity limits, focusing on those performed in energy bands above 2 keV.

2.1. Hard X-ray selected AGNs in the local universe.
----------------------------------------------------

Understanding the statistical properties of AGNs in the local universe (*i.e.*, at *z* ≃ 0) is particularly important because they give the reference of any cosmological evolution models. Nearby AGNs are bright, and hence detailed follow-up observations are possible once their locations are known. However, because their surface number density is low, one needs to make a wide-area survey, ideally an all-sky survey, to construct an unbiased AGN sample of sufficient size.

Following the first X-ray astronomy satellite *Uhuru*, launched in 1970, the *HEAO-1* Observatory, launched in 1977, performed an all-sky X-ray survey. From the *HEAO-1* A2 experiment, 30 AGNs were detected with a flux limit of 3.1 × 10^−11^ erg cm^−2^ s^−1^ (2--10 keV).^[@r16])^ This complete sample has long been the reference catalog of hard X-ray selected AGNs in the local universe. Later, *Rossi X-ray Timing Explorer* (*RXTE*) was launched in 1995, and its data taken during satellite reorientations (slew) were utilized to produce an all-sky X-ray catalog in the 3--20 keV band.^[@r20])^ In 2009, the Monitor of All X-ray Image (*MAXI*)^[@r21])^ was launched to be installed on the exposed facility of the Japanese experiment module "Kibo" in the international space station. Since then, *MAXI* has been monitoring the entire sky to detect many transient sources. It also achieves the best sensitivity as an all-sky mission covering the 2--10 keV band. The integrated data of *MAXI* have been used to produce unbiased X-ray source catalogs. Compiling the first 7 month data taken with MAXI/Gas Slit Camera (GSC) at high Galactic latitudes (\|*b*\| \> 10°), Hiroi *et al.* (2011)^[@r22])^ detect 51 AGNs with a sensitivity of 1.5 × 10^−11^ erg cm^−2^ s^−1^ (4--10 keV) with high identification completeness. The list of the brightest AGNs in the entire sky has substantially changed from that of the *HEAO-1* A2 catalog due to time variability. The latest MAXI/GSC catalog^[@r23])^ based on the 37 month data contains 500 sources. A majority of them are expected to be AGNs.

In energy bands above 10 keV, *Swift*/BAT and *INTEGRAL* satellite are performing all-sky surveys.^[@r24],[@r25])^ These surveys are expected to provide the least biased AGN samples against absorption, except for heavily Compton thick AGNs with column densities larger than log *N*~H~ ≳ 24.5 (Fig. [1](#fig01){ref-type="fig"}). Their results directly show that the dominant populations of local AGNs are obscured ones, in contrast to the fact that most AGNs found in the *ROSAT* all-sky survey^[@r26])^ at energies below 2 keV are unobscured. The Japanese fifth X-ray astronomy *Suzaku* has performed follow-up observations of many AGNs detected with *Swift*/BAT. *Suzaku* has capability of simultaneously observing a wide energy band from 0.2 keV to 600 keV. *Suzaku* discovered AGNs with very low scattered components in the X-ray spectra from the *Swift*/BAT sample,^[@r27])^ many of which had not been detected previously. The results imply that these AGNs are deeply buried in geometrically thick tori. The observed fraction of Compton-thick AGNs in the whole sample is ≈6%, implying that their intrinsic fraction is ∼30%.^[@r12])^

2.2. Results from ASCA surveys.
-------------------------------

*ASCA*,^[@r28])^ the fourth Japanese X-ray mission launched in 1993, was the first X-ray astronomy satellite capable of imaging the hard X-ray sky in the 2--10 keV band. *ASCA* carried two types of focal plane detectors called the Gas Imaging Spectrometer (GIS)^[@r29])^ and Solid-state Imaging Spectrometer (SIS), coupled to the X-Ray Telescope (XRT)^[@r30])^ employing thin-foil optics sensitive up to ∼10 keV. It achieved 2--3 orders of magnitude higher sensitivity in the 2--10 keV band than those of any previous missions. To solve the origin of the hard XRB, a long standing puzzle in X-ray astronomy, was one of the primary scientific goals to be addressed with *ASCA*.

Before *ASCA*, the *Einstein* (U.S.A.) and *ROSAT* (Germany) observatories, launched in 1978 and 1990, respectively, were also equipped with X-ray imaging mirrors, but they were only sensitive to soft X-rays below 2--3 keV. From deep surveys, they resolved 35% and 80% the soft XRB into discrete sources.^[@r31]--[@r33])^ From optical follow-up observations, the majority of the sources constituting the soft XRB were found to be type 1 (unobscured) AGNs.^[@r34])^ However, the origin of the hard XRB above 2 keV had never completely been explained by this population. This is because the X-ray spectra of type-1 AGNs are too soft to match the hard XRB: typical spectra of type-1 AGNs in the 2--10 keV band are approximated by a power law with a photon index of 1.7--2.0,^[@r35],[@r36])^ while that of the XRB in the same band corresponds to a photon index of ≃1.4.^[@r14],[@r37],[@r38])^ This discrepancy was called the "spectral paradox", the biggest problem in understanding the XRB origin. To explain the shape of the XRB, the presence of other populations with much harder spectra than those of type-1 AGNs is necessary.

Using *ASCA*, Ueda *et al.* (1998)^[@r39])^ performed the first imaging X-ray survey covering the 2--10 keV band over a continuous region of 7 deg^2^ in the Coma Berenices constellation (the *ASCA* Large Sky Survey, ALSS; Fig. [3](#fig03){ref-type="fig"}). A specific analysis method was developed to extract the best capability of *ASCA* by taking into account the complicated image responses. They detected total 107 sources, with a flux limit of 10^−13^ erg cm^−2^ s^−1^ in the 2--10 band, resolving 20--26% of the 2--10 keV XRB.^[@r40])^ An important result is that they found evidence for the solution of the "spectral paradox" by detecting a significant fraction of sources with hard spectra. From optical spectroscopic follow-up observations, Akiyama *et al.* (2000)^[@r41])^ identified 30 AGNs detected above 2 keV. It is found that the population of hard sources are optical type-2 AGNs (*i.e.*, those without broad emission lines) at relatively low redshifts, *z* \< 0.5.

To further increase the sample size of the ALSS, a project called the *ASCA* Medium Sensitivity Survey (AMSS) was conducted. The AMSS is a "serendipitous" source survey to systematically search for objects in the field-of-view of the GIS instrument other than the main target of each observation. The advantage is its very large survey area obtained by collecting all available observations performed during the life time of *ASCA*. Finally, Ueda *et al.* (2001, 2005)^[@r42],[@r43])^ published the AMSS catalogs from the data taken between 1993--1996 and 1997--2000, which contain 1343 and 1190 X-ray sources, respectively. The log *N*-log *S* relations in the 0.7--10 keV band at these flux levels were determined with the best statistical accuracy, which solved the contradiction in source counts between soft (\<2 keV) and hard (\>2 keV) energy bands that had been reported previously.^[@r17])^ The *ASCA* results were basically confirmed by *BeppoSAX*.^[@r44])^ Thanks to its large area, the AMSS has been a unique database to study X-ray populations at flux levels of 10^−12^--10^−13^ erg cm^−2^ s^−1^ (2--10 keV) up to the present. An optical follow-up observation program of a flux limited subsample of the AMSS was conducted. Using ground-based telescopes at University of Hawaii, Kitt-Peak observatory, Calar Alto observatory, and Cerro Tololo Inter-american Observatory, Akiyama *et al.* (2003)^[@r45])^ finally identified 86 AGNs with fluxes of \>3 × 10^−13^ erg cm^−2^ s^−1^ (2--10 keV) with high completeness (\>98%).

2.3. Post ASCA era.
-------------------

In 1999, *Chandra* and *XMM-Newton* were launched by NASA and ESA, respectively. With their excellent angular resolutions, these satellites achieved \>2 orders of magnitude better sensitivities than that of *ASCA*. Soon after the launch, *Chandra* resolved \>75% of the hard XRB above 2 keV into discrete sources.^[@r46])^ Many deep surveys have been performed with *Chandra* and/or *XMM-Newton* on various fields, including the *Chandra* deep fields north^[@r47])^ and south^[@r48])^ (CDFN and CDFS), the Lockman Hole field,^[@r49])^ Groth Strip field,^[@r50])^ the Cosmic Evolution Survey (COSMOS) field,^[@r51])^ and the Subaru/*XMM-Newton* deep survey (SXDS) field.^[@r18])^ The dominant populations of these faint X-ray sources turned out to be obscured AGNs, confirming the predictions by earlier works. A significant fraction of them have very faint optical counterparts for which optical spectroscopy is difficult. Multi-wavelength data are required to estimate their photometric redshifts. For a review of initial results obtained from *Chandra* and *XMM-Newton* extragalactic surveys, we refer the reader to Brandt & Hasinger (2005).^[@r52])^

The SXDS project was conducted by collaboration between the Subaru observatory and the *XMM-Newton* survey science center. It is one of the largest multi-wavelength surveys, covering from the radio, infrared, optical, and X-ray bands, with an unprecedented combination of depth and sky area over a continuous region of \>1 deg^2^. The large area coverage is crucial to make an accurate measurement of the global properties of the universe without being affected by cosmic variance. Ueda *et al.* (2008)^[@r18])^ published the X-ray source catalog of 1245 sources detected in the 0.3--10 keV band with *XMM-Newton*/European Photon Imaging Camera (EPIC) in the SXDS field. The sensitivity limit in the 2--10 keV band is 3 × 10^−15^ erg cm^−2^ s^−1^. The results of multi-wavelength identification of the X-ray detected AGNs are reported by Akiyama *et al.* (2015, submitted). The X-ray image is displayed in Fig. [4](#fig04){ref-type="fig"}. It is seen that a large fraction (∼80%) of the XRB below 10 keV is now clearly resolved into faint, individual sources, mostly AGNs.

3. Cosmological evolution of AGNs
=================================

3.1. X-ray luminosity function of AGNs --- discovery of "downsizing".
---------------------------------------------------------------------

The most important quantity that describes the cosmological evolution of AGNs is "luminosity function", which gives their co-moving space number density as a function of luminosity and redshift. As mentioned earlier, it is essential to make an unbiased AGN sample covering wide redshift and luminosity ranges, by combining multiple surveys with different flux limits. To accurately determine the luminosity function, the sample must be identified (*i.e.*, the redshift of each AGN must be known) as completely as possible. Figure [5](#fig05){ref-type="fig"} gives the luminosity versus redshift plot of the hard X-ray selected AGN sample compiled by Ueda *et al.* (2003),^[@r53])^ which consists of total 247 AGNs detected with *HEAO-1*, *ASCA*, and *Chandra*. The total completeness of redshift determination is very high (100%, 97%, and 93% for the *HEAO-1*, *ASCA*, and *Chandra* samples, respectively), making any uncertainties due to sample incompleteness least.

Using this sample, Ueda *et al.* (2003),^[@r53])^ for the first time, quantitatively determine the hard X-ray luminosity function (XLF) of AGNs in the 2--10 keV luminosity range of 10^41.5^--10^46.5^ erg s^−1^ as a function of redshift up to *z* = 3, including both type 1 and type 2 AGNs. The analysis is based on the maximum likelihood method fully correcting for observational biases with consideration of the X-ray spectrum of each source. The hard XLF, *d*Φ~X~(*L*~X~, *z*)/*d* log *L*~X~, represents the number density per unit co-moving volume per log *L*~X~ as a function of *L*~X~ and *z* in units of Mpc^−3^ dex^−1^, where *L*~X~ is intrinsic (de-absorbed) X-ray luminosity. Figure [6](#fig06){ref-type="fig"} plots the resultant hard XLF of Compton-thin AGNs in five redshift ranges. The lines show the best-fit model in each redshift bin, while the crosses represent the data. The shape of AGN XLFs is approximated by a double power-law function, whose slopes are different between above and below the break luminosity. As noticed, the evolution of the hard XLF is complicated, and its shape evolves with redshift. Ueda *et al.* (2003)^[@r53])^ found that a luminosity-dependent density evolution (LDDE) model gives the best description of the results.

Figure [7](#fig07){ref-type="fig"} shows the co-moving space density of Compton-thin AGNs in three different luminosity ranges plotted against redshift. As noticed, the number density of AGNs rapidly increases with redshift, reaches a peak, and then slowly declines toward higher redshifts. The key finding here is that this peak redshift increases with AGN luminosity: more luminous AGNs are the most abundant at higher redshift than less luminous ones. This behavior indicates the "cosmic downsizing" or "anti-hierarchical evolution" of SMBHs: more massive black holes formed in earlier cosmic time than less massive ones[^1)^](#fn01){ref-type="fn"}. Although an LDDE formulation was firstly introduced to represent the XLF of AGNs detected with *ROSAT* in the soft X-ray band,^[@r54])^ the luminosity dependence of the peak redshift was not found. This is most probably because soft X-ray surveys missed a large number of absorbed, low-luminosity AGNs (see Section 3.2). [^2]

The discovery of the SMBH downsizing was striking because this trend is apparently opposite to a naive prediction from the standard structure-formation theory of the universe based on cold dark matter models, where more massive dark matter halos formed more recently by merging from less massive ones. Note that, in this argument, there is an implicit assumption that the luminosity (hence the mass accretion rate) correlates with the black hole mass of the AGN. Recently, the assumption has been confirmed by measuring the black hole masses of X-ray detected AGNs at different redshifts.^[@r55])^ Possible origins of the cosmic downsizing are discussed in Section 4.3.

Since the publication of the first hard XLF of AGNs by Ueda *et al.* (2003),^[@r53])^ more X-ray surveys and multi-wavelength identification observations have been performed, which provide larger samples included in later studies.^[@r56]--[@r62])^ One of the most up-to-date hard XLFs has been published by Ueda *et al.* (2014),^[@r12])^ based on currently the largest X-ray AGN sample, which consists of 4039 detections detected with *MAXI*, *ASCA*, *Chandra*, *XMM-Newton*, *Swift*, and *ROSAT* in the hard (\>2 keV) and/or soft (\<2 keV) bands. The results obtained from the SXDS are also included there. Figure [8](#fig08){ref-type="fig"} plots the luminosity versus redshift plot of the entire sample. The derived co-moving space density of Compton thin AGNs in 4 luminosity bins is plotted in Fig. [9](#fig09){ref-type="fig"}. The downsizing behavior is clearly confirmed by using the much larger sample than earlier ones. The decay of the AGN space-density above *z* ≳ 3 is noticed. Recent work utilizing the COSMOS sample has obtained a very similar result.^[@r63])^

3.2. Absorption properties of AGNs.
-----------------------------------

Another important statistical property of AGNs is absorption distribution. This is related to the basic question whether or not the AGN unified scheme (Section 1.1) applies to all AGNs in the universe. For the quantitative evaluation, Ueda *et al.* (2003)^[@r53])^ introduce the "absorption function" (or "*N*~H~ function") of AGNs, a probability-distribution function for their absorption column-density. This carries information on the fraction of absorbed AGNs among all AGNs as a function of both luminosity and redshift.

Ueda *et al.* (2003)^[@r53])^ found that the absorbed AGN fraction with log *N*~H~ \> 22 decreases with the luminosity from their hard X-ray selected sample after correcting for selection biases, confirming the same trend previously reported from a local AGN sample.^[@r64])^ It is consistent with deficiency of type 2 QSOs (*i.e.*, type-2 luminous AGNs) in the sample of the ALSS.^[@r41])^ The correlation has been confirmed by many authors using AGNs selected at different wavelengths.^[@r65]--[@r67])^ This fact rules out the simplest unified scheme where a torus of a fixed shape is surrounding the nucleus. Rather, the torus solid-angle viewed from the SMBH decreases with the luminosity. The picture, referred as a modified unified-scheme^[@r53])^ or a luminosity-dependent unified scheme,^[@r68])^ also explains the anti-correlation between the AGN luminosity and the equivalent width of the narrow iron-K emission line known as X-ray Baldwin effect.^[@r69])^ One plausible explanation is that the inner radius of the torus recedes as the luminosity increases as a result of dust sublimation, while the height of the torus has weaker dependence on luminosity.^[@r65])^ The difference of the innermost torus structure between low and high luminosity AGNs is now observed by infrared interferometric observations of nearby AGNs.^[@r70])^

By using larger samples, it has been also revealed that the absorbed AGN fraction depends on redshift, in the sense that there are relatively more absorbed AGNs at higher redshifts.^[@r12],[@r58],[@r71]--[@r73])^ Figure [10](#fig10){ref-type="fig"} plots the fraction of absorbed AGNs with log *N*~H~ = 22--24 among all Compton-thin AGNs (log *N*~H~ ≤ 24) against luminosity in two redshift bins (0.1 \< *z* \< 1 and 1 \< *z* \< 3).^[@r12])^ As noticed, the absorbed AGN fraction increases with redshift by keeping the anti-correlation with luminosity. This fact means that the unified scheme must be also modified by including evolution effects. It may suggest that the averaged covering factor of tori is larger at higher redshifts. Alternatively, interstellar absorption in the host galaxy on a larger spatial scale than the torus may play a role. In fact, the host galaxies of obscured AGNs at *z* ≈ 1.5--3 exhibit much larger star forming rates than those of unobscured AGNs at the same redshift,^[@r74])^ suggesting that their evolutional stages are quite different. Thus, while the unified scheme explains many observational aspects of AGNs in the local universe, it cannot be simply applied to all AGN phenomena in the universe.

4. Implications
===============

4.1. Population synthesis of the X-ray background.
--------------------------------------------------

On the basis of various hard X-ray surveys performed at different flux limits, the hard XLF and absorption function of AGNs have been determined as a function of redshift and luminosity. In other words, the cosmological evolution of AGNs that constitute a major part of the XRB below ≈10 keV, including the dominant type-2 populations, is now revealed. This is regarded as an unique achievement by hard X-ray observations, which enable us to detect absorbed AGNs with the least biases. The formulations of these functions over the luminosity and redshift ranges of log *L*~X~ = 42--47 and *z* = 0--5 are presented in Ueda *et al.* (2014).^[@r12])^

The combination of the XLF and absorption functions enables us to construct a so-called "population synthesis model" of the XRB,^[@r53],[@r71],[@r75]--[@r77])^ where the contributions to the XRB spectrum from AGNs with different luminosities, redshifts, and absorptions are quantitatively described. Since the XRB below ≈10 keV has been resolved into AGNs that are used to determine the two functions, we can make "consistency-check" if the integrated spectrum of the whole AGNs reproduces the XRB spectrum in that energy band. In addition, it is possible to predict their integrated flux above 10 keV, where the XRB is not yet directly resolved, by assuming broad band spectra of AGNs.

Ueda *et al.* (2014)^[@r12])^ present the most up-to-date XRB synthesis model based on their XLF and absorption function of AGNs. They consider (1) the evolution of absorption function, (2) broad band X-ray spectra including reflection components from the torus based on the luminosity and redshift dependent unified-scheme, and (3) contribution of Compton-thick AGNs (*i.e.*, those with log *N*~H~ \> 24). In the analysis, the number ratio of Compton-thick AGNs to Compton-thin, absorbed ones (log *N*~H~ = 22--24) is assumed to be constant regardless of luminosity and redshift. Figure [11](#fig11){ref-type="fig"} compares the broad-band XRB spectra measured by various observatories and the integrated spectrum from all AGNs with log *L*~X~ = 41--47 at *z* = 0.002--5.0 based on this model. The second top curve represents the total contribution only from Compton-thin AGNs, which cannot fully account for the peak intensity of the hard XRB around ∼20 keV. The summed contribution from both Compton-thin and Compton-thick AGNs is given by the top curve, which is well consistent with the observed XRB; in other words, the presence of significant number of Compton-thick AGNs is indeed required to explain the "missing flux" in the hard XRB above 10 keV. It is found that AGNs with log *L*~X~ ≈ 43.8 at *z* ≈ 1.1 make the largest contribution to the XRB in the 2--10 keV band per unit log *L*~X~ and *z*.

4.2. Growth history of SMBHs.
-----------------------------

As mentioned in Section 1.1, a SMBH gains its mass from accreted matter, and therefore the luminosity of an AGN represents the mass growth rate of each SMBH through the radiative efficiency η. Thus, it is possible to reveal the global growth history of SMBHs by accretion once the AGN luminosity function is determined as a function of redshift. This argument was pointed out by Soltan (1982).^[@r79])^ The total mass density of SMBHs (including non-active SMBHs), ρ(*z*), can be calculated by integrating the mass-accretion-rate density, {.{ρ}}(*z*), over cosmic time, aswhereHere Φ~bol~(*L*, *z*) is a bolometric luminosity function (defined for the luminosity *L* integrated over all wavelengths) and ![](pjab-91-175-i002.jpg) represents an averaged radiation efficiency that is assumed not to depend on *z* or *L* in this formula. One can then compare this result with the SMBH mass density at *z* = 0 independently measured from the relation between SMBH mass and bulge mass. This leads us to constrain ![](pjab-91-175-i003.jpg), which reflects the accretion modes in AGNs (*e.g.*, standard disk^[@r08])^ or radiatively inefficient accretion flow^[@r80])^) and the spin parameters of SMBHs.

The discussion based on the latest hard XLF is presented in Ueda *et al.* (2014).^[@r12])^ The bolometric luminosity function of all AGNs (including Compton-thin and Compton-thick AGNs) is derived from the hard XLF by assuming luminosity-dependent bolometric correction factors and their scatter.^[@r81])^ In their model, it is found that ≈74% (≈37%) of the total energy emitted by whole AGNs in the history of universe was produced by obscured accretion with log *N*~H~ = 22--26 (log *N*~H~ = 24--26). Figures [12](#fig12){ref-type="fig"} and [13](#fig13){ref-type="fig"} respectively plot {.{ρ}}(*z*) and ρ(*z*) by adopting ![](pjab-91-175-i004.jpg), in luminosity ranges of log *L* = 43--48 and log *L* = 46--48. As expected from the downsizing evolution, the contribution from less luminous AGNs becomes more significant at lower redshifts.

The value of ρ(*z* = 0) is in a good agreement with the observed local SMBH mass density,^[@r12])^ ρ^obs^(*z*=0)≈1×10^6^*M*~ø*dot*~ Mpc^−3^ calculated by using the recently updated SMBH-mass versus bulge-mass relation.^[@r07])^ The radiative efficiency of η ≈ 0.04 does not require extremely radiatively inefficient accretion flow as a predominant accretion mode of AGNs.

Furthermore, it is also possible to trace the mass function of SMBHs (including non-active SMBHs) from the AGN luminosity function by neglecting merging of SMBHs.^[@r82]--[@r84])^ In this analysis, one needs to introduce the Eddington ratio λ, the bolometric luminosity divided by the Eddington luminosity, given as *L*~Edd~=1.25×10^38^(*M*/*M*~ø*dot*~) erg s^−1^ for a black hole mass of *M*. By comparing with the observed mass functions, it is argued that the radiative efficiency should decrease with luminosity.^[@r12],[@r85])^ The inferred high radiative efficiencies at large *M* suggests that these SMBHs have high spin parameters (*i.e.*, rapidly rotating). In order to obtain robust conclusions, it is critical to observationally determine the Eddington-ratio distribution function and black hole mass function of AGNs, as a function of redshift, by covering a wide luminosity range.

To compare the growth history of SMBHs and that of galaxies, we overplot the star-forming-rate density and steller-mass density in Figs. [12](#fig12){ref-type="fig"} and [13](#fig13){ref-type="fig"}, respectively, based on a recent compilation by Madau and Dickinson (2015).^[@r86])^ They are rescaled by a factor of 0.002. The overall similarity between the mass accretion rate (or SMBH mass density) and star forming rate (or stellar mass density) supports the global "co-evolution" scenario, as previously suggested.^[@r87])^ A small discrepancy is noticed at *z* \> 3 (corresponding to the cosmic age of \<2.2 Gyr). This could be explained if the peak epoch of AGN activity in an individual galaxy is, on average, delayed by a timescale of Gyr from that of starburst.

4.3. Origin of downsizing.
--------------------------

The most remarkable finding from the hard X-ray AGN surveys is the downsizing or anti-hierarchical evolution of SMBHs, indicating that present-day more massive black holes formed earlier in cosmic time than less massive ones. Similar trends have been observed in star formation of galaxies; it was firstly suggested by Cowie *et al.* (1996)^[@r88])^ and many recent observations have established this picture (*e.g.*, Kodama *et al.* (2004);^[@r89])^ see Fontanot *et al.* (2006)^[@r90])^ and references therein). If the co-evolution of SMBHs and galaxies is almost simultaneous, this implies that same origins may work for the downsizing seen in both AGNs and star formation.

The downsizing evolution does not conflict with the standard "bottom-up" structure-formation scenario in cold dark matter models, which has now been well accepted. This is because the SMBH growth seen as AGNs does not necessarily have to follow the process of their "assembly". For instance, the observed decrease of the space density of luminous AGNs at *z* \< 2 means that merging of massive dark matter halos does not lead to rapid growth of SMBHs at low redshifts. We need to understand baryon-specific physics other than pure gravity governing the dynamics of dark matter halos.

After the discovery, understanding the downsizing evolution has been a major challenge to theoretical models of galaxy and SMBH formation, both in semi-analytic models and cosmological hydrodynamic simulations. Earlier simple theoretical models^[@r91],[@r92])^ did not predict any downsizing behaviors. Recent works^[@r93]--[@r98])^ have started to reproduce the downsizing trend to fit the observations, although no consensus has been established yet on the origins. An important effect may be that the cooling of gas necessary to "fuel" the AGN is suppressed in very massive halos at low redshifts, due to AGN feedback in the so-called "radio mode" or "kinetic mode", which takes place when the accretion rate onto the SMBH is sufficiently low.^[@r09])^ Combined with depletion of cold gas by star formation and an increase of accretion time-scale with decreasing redshift, this could cause a quicker decrease of the space density of luminous AGNs than that of less luminous AGNs.^[@r98])^

Likely scenarios are that there are at least two mechanisms for AGN fueling, major mergers and other processes such as disk instabilities^[@r96])^ and hot-halo accretion.^[@r93],[@r95])^ This picture is also consistent with the observational results on the morphology of AGN hosts; a significant fraction are disk-dominated galaxies (*i.e.*, without evidence for past major mergers).^[@r99],[@r100])^ Most of those models, however, over-predict the space density of low luminosity AGNs at high redshifts (*z* \> 1--2) compared with the observations.^[@r63])^ The reason is yet unclear; some important physics would still be missed. Alternatively, if there are a large number of heavily Compton-thick AGNs with low luminosities at *z* \> 1 that are missing in current surveys, it could solve the discrepancy.

5. Prospects for future observations
====================================

The hard X-ray surveys detected AGNs of various luminosities and redshifts, covering 6 orders of magnitude in flux. Type-2 (absorbed) AGNs are found to be the major population, which were easily missed in other wavelengths. As a result, a global picture of cosmological evolution of AGNs, in particular the cosmic downsizing, has been revealed. At the same time, most of the XRB origin below ≈10 keV is now quantitatively explained by superposition of these AGNs. Then, can we say that the whole picture of SMBH evolution in galactic centers has been completely solved? The answer is definitely "No". In this section, we focus on two important issues that must be pursued by future X-ray observations.

5.1. Evolution of AGN XLF at high redshifts.
--------------------------------------------

The evolution of SMBHs in the dawn of the universe is a critical issue in order to understand their initial formation mechanism. The most distant AGN (QSO) currently known is at *z* = 7.085, whose black hole mass is estimated to be 2 × 10^9^ *M*~ø*dot*~.^[@r101])^ It is a big problem how such very massive systems formed in such a short time (within 7.7 × 10^8^ yr) after the Big Bang. If this QSO had grown solely by accretion at the Eddington-limited accretion rate from a "seed" black hole of 100 *M*~ø*dot*~, the required time would have been 7.6 × 10^8^ yr by assuming a radiative efficiency of η = 0.1. Thus, high-redshift AGN surveys are also related to the question how the first "seed" black holes formed.

Because of their small space density, a wide-area survey is required to unbiasedly detect AGNs at very high redshifts. In fact, most of known distant QSOs at *z* \> 5 were firstly found by wide area optical or near-infrared surveys, such as the Sloan Digital Sky Survey. Future and on-going wide-area optical to near-infrared surveys, like those utilizing the Hyper Suprime-Cam on Subaru telescope will largely increase the sample.

However, the hard X-ray surveys indicate that a major population of AGNs are obscured ones, whose fraction increases with decreasing luminosity. Thus, observations by hard X-rays (at source frame) are indispensable to understand the whole story. While downsizing evolution of SMBHs on the cosmological time scale (*z* ∼ 3 to *z* = 0) has been found, the inverse trend (*i.e.*, "up-sizing", where the ratio of the space density of less luminous AGNs to more luminous ones increases with redshift) may be expected at higher redshifts.^[@r12])^ To detect high redshift AGNs at *z* \> 5 covering a low luminosity range, we need to perform "very wide and very deep" X-ray surveys, which are practically impossible by current X-ray observatories. This is a prime scientific goal to be addressed by *Athena*,[^2)^](#fn02){ref-type="fn"} the next large mission of ESA. *Athena* will bring a large sample of high *z* AGNs at *z* = 5--10, giving us the first unbiased view of SMBH formation process in the early universe.[^3]

5.2. Evolution of Compton-thick AGNs.
-------------------------------------

How many heavily obscured (Compton-thick) AGNs exist in the universe and what are their contributions to the total growth of SMBHs are key questions to establish a complete picture of AGN evolution. Most of present X-ray surveys were performed in energy bands below 10 keV, which are not sufficient to catch the primary emission component from Compton-thick AGNs (Fig. [1](#fig01){ref-type="fig"}). Although all-sky hard X-ray surveys above ∼10 keV have started to find a part of this population in the local universe, the cosmological evolution of their XLF is essentially unknown.

In the population synthesis model by Ueda *et al.* (2014),^[@r12])^ Compton-thick AGNs follow the same evolution as Compton-thin AGNs, by implicitly *assuming* that they are an extreme case of less absorbed, Compton-thin AGNs. The spectrum of the XRB gives a boundary condition; in this model, the number ratio of Compton-thick AGNs to Compton-thin absorbed AGNs is constrained to be 50%--160% within an uncertainty in the XRB intensity in the 20--50 keV band. We must keep it in mind, however, that any constraints for the number density of Compton-thick AGNs in population synthesis models strongly depend on basic assumptions, (1) the (unknown) evolution of the XLF of Compton-thick AGNs, and (2) detailed shape of the broad band spectra, in particular, the strength of reflection components that produce spectral hump at ∼30 keV.^[@r103])^

It is not clear whether or not Compton-thick and Compton-thin AGNs are intrinsically the same population. Theories predict that galaxies may contain Compton-thick AGNs shortly after major mergers, which are surrounded by huge amount of dust produced by the merger-driven starburst activities.^[@r104],[@r105])^ These Compton-thick AGNs may be in a rapidly growing phase of SMBHs, and hence are key objects to understand the mechanism of the galaxy-SMBH co-evolution. Ultra-luminous infrared galaxies (ULIRGs) may represent one of such populations, which are found to ubiquitously contain such obscured AGNs.^[@r106])^

To directly unveil the cosmological evolution of Compton-thick AGNs, and their contribution to the hard XRB, the only way is to perform hard X-ray surveys in the energy band above 10 keV with various depths and widths, as done in the past ∼50 years at energies below 10 keV. The *NuSTAR* and *ASTRO-H* missions will resolve ∼30% of the hard XRB into individual AGNs, providing us with new insights on Compton thick populations. An initial result from the *NuSTAR* extragalactic survey based on ten AGNs^[@r107])^ is consistent with the prediction by Ueda *et al.* (2014).^[@r12])^ Eventually, however, much deeper hard X-ray surveys, with \>10 times better sensitivities than *NuSTAR* and *ASTRO-H*, are indispensable, in order to detect AGNs that compromise ∼80% of the hard XRB. A standard XRB model predicts that the fraction of Compton-thick AGNs drastically increases around this flux limit (Fig. [14](#fig14){ref-type="fig"}). Then, it also becomes possible to constrain the XLF of Compton-thick AGNs with log *L*~X~ \> 42 by covering the redshift corresponding to the number-density peak inferred from the XLF of Compton-thin AGNs.

Even hard X-ray surveys above 10 keV are subject to detection biases against "heavily Compton-thick" AGNs with log *N*~H~ \> 25, whose hard X-ray flux of the primary emission is significantly suppressed by repeated Compton scattering. Surveys at rest-frame far- to mid-infrared wavelengths, which have also little biases against obscuration, could potentially "detect" such populations although it is not trivial how to discriminate AGN and star-formation activities. Thus, X-ray and infrared bands are quite complementary to each other in studying heavily obscured AGNs, indicating the importance of multi-wavelength approach.

6. Conclusion
=============

We have reviewed the history of X-ray surveys of AGNs, growing SMBHs in galactic centers, with particular emphasis on observations at energies above 2 keV, the best bandpass to find them with least biases and contamination. Japanese X-ray astronomy observatories, including *Ginga*, *ASCA*, *Suzaku*, and *MAXI*, have made crucial contribution to this subject, along with many follow-up observations, which demonstrate the power of multi-wavelength astronomy.

These observations have made it possible to trace the cosmological evolution of a majority of AGNs in the universe, including the dominant, obscured AGN populations. As the consequence, the cosmic "downsizing" of SMBHs has been revealed, where more luminous AGNs show their number-density peak in an earlier epoch than less luminous ones. The apparently "anti-hierarchical" evolution has challenged a naive expectation from the standard structure-formation theory of the universe, requiring detailed understanding of baryon-specific physics other than gravity in the galaxy-SMBH co-evolution. The fraction of obscured AGNs is larger at higher luminosities and at higher redshifts. The origin of the XRB is now quantitatively explained by superposition of X-ray emitting AGNs in a standard population synthesis model. The evolution of the AGN luminosity density reveals the accretion history of the universe, and accounts for the present-day mass density of SMBHs mostly by radiatively efficient accretion through standard disks. Finally, we note that revealing the evolution of high redshift AGNs and heavily obscured "Compton-thick" AGNs are prime issues to be addressed by future X-ray observations.

I would like to thank all collaborators of mine that made it possible to conduct this research, including the colleagues who made enormous efforts in developing the Japanese X-ray observatories. I am grateful to the co-authors of the two key papers^[@r12],[@r53])^ used in this review, in particular Masayuki Akiyama, the leading person in the optical identification programs of X-ray selected sources in the AMSS and SXDS projects.
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![Typical broad-band X-ray spectra^[@r12])^ of AGNs with different absorptions (from top to bottom, log *N*~H~ = 20.5, 21.5, 22.5, 23.5, 24.5, 25.5) in *EF*~*E*~ (*F*~*E*~ is energy flux at energy *E*). The scale is arbitrary.](pjab-91-175-g001){#fig01}

![Source number counts (log *N*-log *S* relation) in the 2--10 keV band obtained from various surveys including *HEAO-1* A2 survey^[@r16])^ (red), the *ASCA* Medium Sensitivity Survey^[@r17])^ (magenta), Subaru/*XMM-Newton* Deep Survey^[@r18])^ (blue), and *Chandra* Deep Survey South^[@r19])^ (black).](pjab-91-175-g002){#fig02}

![X-ray image of the *ASCA* Large Sky Survey field obtained with the GIS.^[@r29])^ The image size is about 5° × 1°.](pjab-91-175-g003){#fig03}

![X-ray image of the Subaru/*XMM-Newton* Deep Survey field,^[@r18])^ consisting of 7 pointings with the EPIC, covering 1.14 deg^2^ in total.](pjab-91-175-g004){#fig04}

![Redshift versus luminosity plot of the sample used in Ueda *et al.* (2003)^[@r53])^ (red: *HEAO-1* sample, magenta: *ASCA* sample, black: *Chandra* sample). The open and filled circles correspond to X-ray unabsorbed AGNs (with log *N*~H~ \< 22) and X-ray absorbed AGNs (with log *N*~H~ ≥ 22) AGNs, respectively.](pjab-91-175-g005){#fig05}

![Ueda *et al.* (2003)^[@r53])^ X-ray luminosity function of Compton-thin AGNs in five redshift bins, *z* = 0.015--0.2 (short-dashed, black), 0.2--0.4 (medium-dashed, red), 0.4--0.8 (long-dashed, blue), 0.8--1.6 (thick solid, magenta), and 1.6--3.0 (thin solid, cyan). The curves represent the best-fit LDDE models, and the data points are attached with their 1σ statistical errors.](pjab-91-175-g006){#fig06}

![Co-moving space density of Compton-thin AGNs derived by Ueda *et al.* (2003)^[@r53])^ as a function of redshift in three luminosity bins, log *L*~X~ = 41.5--43, 43--44.5, and 44.5--48 from upper to lower. The curves are the best-fit models. The data points are attached with 1σ errors. The long arrows denote 90% upper limits (statistical error only), while the short arrow (marked with the filled square) corresponds to the 90% upper limit by considering the maximum effect of the sample incompleteness.](pjab-91-175-g007){#fig07}

![Redshift versus luminosity plot of the sample used in Ueda *et al.* (2014).^[@r12])^ The open and filled circles represent X-ray unabsorbed AGNs (with log *N*~H~ \< 22) and X-ray absorbed AGNs (with log *N*~H~ ≥ 22), respectively, detected in the hard (\>2 keV) band (red: *Swift*/BAT sample, magenta: *ASCA* sample, blue: *XMM-Newton* sample, black: *Chandra* sample). Those detected in the soft (0.5--2 keV) band are marked by crosses (green).](pjab-91-175-g008){#fig08}

![Co-moving number density of Compton-thin AGNs derived by Ueda *et al.* (2014)^[@r12])^ as a function of redshift in four luminosity bins, log *L*~X~ = 42--43, 43--44, 44--45, and 45--47, from upper to lower. The curves are the best-fit model, and the data points are attached with 1σ errors.](pjab-91-175-g009){#fig09}

![Fraction of absorbed AGNs (log *N*~H~ = 22--24) among all Compton-thin AGNs (log *N*~H~ \< 24) plotted against luminosity at *z* = 0.1--1 (blue) and *z* = 1--3 (red) as determined from the *Swift*/BAT, AMSS, and SXDS samples. The dashed lines correspond to the best-fit models by Ueda *et al.* (2014).^[@r12])^](pjab-91-175-g010){#fig10}

![Integrated spectrum from all AGNs at *z* \< 5 based on the population synthesis model by Ueda *et al.* (2014)^[@r12])^ (upper solid curve, red). Middle solid curve (black): the integrated spectrum of Compton-thin AGNs (log *N*~H~ ≤ 24). Lower solid curve (red): that of Compton-thick AGNs (log *N*~H~ = 24--26). Long-dashed curve (black): that of AGNs with log *N*~H~ = 23--24. Short-dashed curve (black): that of AGNs with log *N*~H~ = 22--23. Dot-dashed curve (black): that of AGNs with log *N*~H~ \< 22. The data points are the XRB spectra observed with various missions.^[@r78])^](pjab-91-175-g011){#fig11}

![Co-moving mass-accretion-rate density onto SMBHs as a function of redshift by assuming a radiation efficiency of ![](pjab-91-175-i005.jpg). The solid (black) and long-dashed (red) curves are calculated from AGNs with bolometric luminosities of log *L* = 43--48 and log *L* = 46--48, respectively. The short-dashed (blue) curve represents the co-moving star-forming-rate density^[@r86])^ rescaled by 0.002.](pjab-91-175-g012){#fig12}

![Growth curve of SMBHs by accretion, where the co-moving mass density of SMBHs is plotted against redshift. A radiation efficiency of ![](pjab-91-175-i006.jpg) is assumed. The solid (black) and long-dashed (red) curves represent the contribution from AGNs with bolometric luminosities of log *L* = 43--48 and log *L* = 46--48, respectively. The short-dashed (blue) curve plots the co-moving stellar mass density^[@r86])^ rescaled by 0.002.](pjab-91-175-g013){#fig13}

![Fraction of Compton-thick AGNs (log *N*~H~ = 24--26) in the total AGNs (log *N*~H~ ≤ 26) given as a function of 10--40 keV flux predicted from the Ueda *et al.* (2014)^[@r12])^ model. The data point at the brightest flux is obtained from the *Swift*/BAT 9-month survey.](pjab-91-175-g014){#fig14}

[^1]: (Communicated by Yasuo TANAKA, M.J.A.)

[^2]: The term "downsizing" describes their global statistical properties, and should not be taken that the mass of an individual SMBH or galaxy decreases with cosmic time.

[^3]: <http://www.the-athena-x-ray-observatory.eu/>.
